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P 

Coefficient of drag for use with compressor inlet area and ft 

Ratio of blade radius to rotor radius (.901) 

Overall efficient fkctor 

Air mass density at altitude, slugs/ft 

Air mass density at sea level 

0 Solidity (A^nR ) 

J^ Nacelle yaw angle, radians 

Pomsula Summary 

^0 

.853 x ID^n2 
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•IVvn 
.    ^(W)i/i(Ku) 

550 

where 1.13 = ihp./ihp 

for V = 0,    K   = 1 u 
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S, 
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'W^ *\ (i) ;. 

=   1 + 5(v/§vTv)2 + 30(v/5VTv)11 

62i' =  iMv/r^fi^C^^i)].^^) 

Rhpv     = .216U x lO'^
5 (p/p0) [(AbA) S^^B^ ^ AjB^3 K^JJ ] 

6. m = 8o + 62 CLro (po/p)2 
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i.o   mraonjcnoN 

This report presents the aerodynamic characteristics and performance 
analysis of the proposed ELljer Aircraft Coiqpany's Model 1108 tip turto- 
Jet-powered heavy-lift rotor system. 

This report also suninarlzes results of the parametric study of the 
design variables and their effects upon power requirements, performance 
characteristics, and rotor limitations. 

Standard helicopter performance analysis methods (modified where re- 
quired to account for tip propulsion) are used throughout, and all gov- 
erning equations and curves accompanied by the appropriate references 
are included in the report. 
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2.0 DIMENSIONS AND CHAKACT5<ISTICS 

2.1 General 

Number of engines        8 
Number of blades        k 
Design gross weight   72,10U lb, 
Empty weight   5^,700 lb. 

Equivalent flat plate (C = 1.0) drag area, A 
a) Outbound (with external pay load)  "...    200 sq. ft. 
b) Inbound (without external pay load)      100 sq. ft. 

(Crane-type fuselage) 

2.2 Rotor Characteristics 

Main rotor: 

Rotor type  Spring restrained, 
teetering, universal 

Rotor diameter, ft. (Engine ^to 
engine g)  111.8 

Blade twist, deg  -10° 
Blade chord (constant), ft  6.5 
Blade airfoil section (constant)   0015 
Blade area, sq. ft  1,U26 
Disk area, sq. ft  9,017 
Solidity   .148 

Tip speed, f.p.s. 
a) Hover  650 
b) Cruise   592 

Design mean bl&de lift coefficient, Cj-          3296 

Design disk loading, lb/ft2          7-3 
Blade aspect ratio         8.6 

2.3 Airfoil Dimensional Properties and Ordinates 

Listed on the following page are the true airfoil ordinates, based on a 
6.5-foot (78-inch) constant chord, for the NACA 0015 airfoil selected 
for the Model 1108. 



Leading 
Edge        "^v 
T.1ne 

-^ X — 

JL 

■ 76.00 

J 
^     \   

Chord Station (*). X (In.) y (In.)_ 

0 0 0 
1.25 .875 1.8U6 
2.50 1.950 2.549 
5.00 3.900 3.466 
7.50 5.850 4.095 

10.00 7.800 4.565 
15.00 11-700 5.212 
20.00 15.600 5.594 
25.00 19.500 5.793 
30.00 23A00 5.658 
U0.00 31-200 5.658 
50.00 39-000 5.161 
60.00 46.800 4.449 
70.00 5U.600 3.572 
80.00 62.400 2.558 
90.00 70.200 1.412 
95.00 7^.100 .786 

LOO. 00 78.00 0 

Leading edge radius = 2.48 in. 

y 
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2.h   Aircraft Group Weight Statement 

Rotor group 1^,598 lb. 
Blades 15,5^1 
Hub 837 

Pylon group 1,731 
•Hail group h'ß 

Tkil rotor 2l6 
Stabilizer 257 

Body groujj 3,203 
landing gear group 2,897 
Flight controls group 1,^5^ 
Engine section group 1,559 
Propulsion group 5,539 

Engines (557-1) 2,920 
Cooling system 80 
Gearboxes and drives 5^7 
A.P.U. units 565 
Starting system ihO 
Engine controls 100 
Fuel system 1,292 
Rotor mast 275 

Instrument group 296 
Electrical group 750 
Electronics group 275 
Furnishings group 5^5 

Ijyoo ib. 

Empty weight 3^,700 lb. 
Crew ^00 
Oil 80 
Cargo 2U,000 
Fuel 12.92U 

Gross weight 72.10^ lb. 

2.5 Power Plant System 

2.5.1 Engine 

Power is provided by eight Continental Model 357-1 turbojet engines; 
i.e., two engines mounted at the tip of each of four blades. The static 
sea-level performance targets for the fully qualified production model 
are summarized below. 

Military »ted power 1,700 lb. - O.99 SFC 
Noraal rated power 1,375 lb. - O.98 SFC 



Of particular Interest are the estimated performance curves supplied 
this company by the etglne manufacturer, herein included as Figures 1 
through h. 

2.5.2 fuel System 

The  tentative fuel system consists of two identical, independent, but 
interconnected fuel systems feeding lUel to two stacked manifolds lo- 
cated at the rotor hub. The upper manifold will service the upper engine 
on each of the four blades; the lower manifold will service the lower 
engines on the rotor blades. The fuel is transferred from the rotor 
hub to the engine fuel controls by centrifugal force. 



Altitude = 6000 feet 
T .  = 950F. 

22,000 MRP 

20,790 NRP 

200        400       600 
True flight speed - V (knots) 

Figure 1. 357-1 Eetlmated Performance 
TOirust Versus Flight Speed. 
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200       400       600 
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Figure 2. 357-1 Estimated Performance - 
Net llirust Versus Flight Speed, 
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Figure h.   357-1 Estimated Performance - 
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3.0 AERODYNAMIC DATA 

5.1 Rotor Blade Section Characteristics 

The 0015 airfoil is selected for the Model 1108 primarily for its sec- 
tion properties. That is, a relatively thick blade is needed to provide 
adequate space for service lines which mist be installed within the 
blade and its deep section is required to provide sound structural 
media to which the tip-mounted engines may be fixed. 

5.2 Rotor Parameters 

The selection of rotor parameters was based on meeting the performance 
requirements as outlined In Reference 2. To obtain the many combina- 
tions of rotor parameters which would satisfy the above requirements, a 
parametric study was conducted in which the major variables were gross 
weight (WG), disk loading (w), main rotor tip speed (V ), and design 
mean blade lift coefficient (Oj^),    The aerodynamic equations were 
then developed in terms of these variables. For selected values of 
V_ and Cjj^ ,  the solution of simultaneous equations yielded values for 
Wc and w which satisfy the performance requirement under investigation. 

A comprehensive discussion of the approach, methods used, and the final 
selection of design parameters through a series of limiting cufoffs 
(aerodynamic, weight, size, and structural) will be found in the Tip 
Hirbojet Parametric Design Study, Volume II. 

5.3 Equivalent Flat Plate Area 

For the purpose of the parametric and performance studies, the total 
fuselage (plus cargo) equivalent flat-plate area (based on C-^ = 1.0) 
has been established as follows: 

o 
Outbound (external payload) - A = 200 ft 

n 2 
Inbound (no external payload)- A = 100 ft 

These values merely reflect the anticipated equivalent flat plate areas. 

11 



^.0 POWER RggJIREP 

Power requirements for level r.ight are obtained from the sumnation of 
the rotor induced power, rotor profile-drag power, füselage parasite 
power, mechanical gear losses, and miscellaneous power required to 
operate hydraulic and electrical equipment. Standard helicopter per- 
formance analysis methods, as outlined in Reference 3, were modified 
to include tip-powered helicopters. 

Oomplete derivations for the induced and profile power equations nay be 
found in Volume II, Parametric Study. 

^.1 Induced Power 

From momentum considerations the thrust of a hovering rotor may be 
expressed by 

T = pAUgUv) (1) 

Conventional propeller theory establishes the relationship between the 
increase in velocity of the cir above the rotor and the increase which 
occurs behind the rotorj namely 

above    oelow 

or Av = 2VL. 

Therefore, the thrust of a hovering rotor is 

T = fAUjjteUjj) - 2pÄR
2u^ (2) 

from which the induced velocity, IL,, through the rotor is 

The term w = T/nR is the rotor disk loading. 

At this point a tip loss factor B is introduced to allow for the reduc- 
tion in rotor thrust at the blade tip (finite aspect-ratio blade). For 
preliminary work, a constant value of B = .96h  for the uain rotor is 
considered representative and is consistent with the NA.CA, empirical 
solution given by the expression 

B - 1 
/2CT 

12 



where b - number of blades 

CT - thrust coefficient = T/jtR^pV- 

Substituting (BR) for (R) in Equation (5) establishes tne hovering 
induced velocity, considering blade tip losses, as 

Equation (U) assumed that the spanwise inflow distribution is uniform 
(theoretical). In actuality, the distribution is more nearly triangular 
which, as shown in Appendix A, Part I, of Reference U, increases the 
induced horsepower by a fector of 1.13 • Tha.t  is 

ihp 

lhPo 

Rewriting Equation (h)  to include this modification of the inflow dis- 
tribution yields: 

Substitution of the 1.13 factor is based upon hovering inflow velocity 
surveys and measured main rotor flight vibratory loads on the H-23 ser- 
ies helicopters. 

The variation of induced velocity, u, with forward velocity is now in- 
troduced by defining the induced velocity factor K where 

Ku = u^ (7) 

Therefore, substituting Equation (7) in Equation (6) and solving for u. 

ui=^fM 'v (8) 

The derivation of K^  is presented in Appendix A, Reference k.    For con- 
venience in calculating induced velocity, a plot of Ky as a fCV/vO 
is presented in Figure 5« 

From work-energy considerations, the induced horsepower required to 
produce thrust is: 

■n.,  (w) ^71" CO 
ihp^ W*-*- (9) 

Inasmuch as rotor tilt angles are to or less than 10 degrees, small 
angle assumptions are valid. Therefore, T ■ W. 

15 
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Sample Calculation: Hover, OGE, S.L. 71,680 pounds, standard day. 

w  = 7.3 lb/ft2 (Section 2.2) 

Ku =1.00 (Figure l) 

ihp = 
1-13(71,680) [-^j^J-?^ (1.00) 

  = 5,985 hp 550 

U.2 Profile Pover 

As derived in the parametric design study, the profile power of the main 
rotor nay he expressed by the equation 

Rhpv = .2164 x 10-
5VT

5 [(^ S5^^ ) + (Aj^5 K^JJ)] f     (10) 

where: 

V = tip speed in hover = 650 f.p.s. (Section 2.2) 

A^ = effective blade area = 1,^26 ft2 (Section 2.2) 

§ = rotor blade to rotor radius correction = .981 

Smg = ^05 + ^B ^(PQ/P)2 = mean b:Lade dr,ae coefficient 

= .009 + .00927 CL^^/P)2 

^ = 1 + 3(v/§vT)2 + 30(v/§vT)u (11) 

AT = total compressor inlet area = 8.U8 ft 

2     2 
Bpj = 60 + fy^jCj^,  (p /p) = mean nacelle drag coefficient 

= .282 + .100 ^(p^p)2 

T  = ratio of rotor radius to mean engine location radius 

= 1.00 

S, » 1 ♦ (v/re/vT)2[i + ^- (6^)]. JL^) {m) 

The constants, as contained in the forward velocity terms (profile power 
factors K^, and Kn«), and determined in the parametric study, Reference 

7, are aa follows: 

15 



62T = 5.0 

aj    = U.5 

Substituting the nain rotor parameters into Equations (10),  (ll), and 
(12) yields 

Rhpv = (200,021.0^^ + 5,059.5760^)0^ (13) 

^   =   1 + 5(v/637.65)2 + 30(7/637.65)^ ilh) 

^ = 1 + (V/650)
2 {1+^)+^ (v/650)^        (15) 

Sample Calculation: Hover, OGE, S.L., 71,680 pounds, standard day, 

*w=  1.0 

b^ = .009+.0O927(.3296)2(i)2 = .009 + .0009973 = .0099973 = .010 

ömj. = .282 + .100(.3296)2(1)2 = .282 + .010758^ = .292758U = .293 

then 
Rhpv= (200,021.0U)(.010)(l) + (5,039-57)(-293)(l) = 2,000.2+ 1^76.6 

= 3,^77 hp 

^•3 Parasite Pover 

Parasite power is found from the standard relationship 

Php - f; (16) 

vhere the drag, D, is given by the equation 

D = l^p^SCjj (17) 

Expressing the drag in terms of equivalent flaJ. plate area, A    (based on 
a drag coefficient, (^ = 1.00) " 

D = l/2p^k (18) 

Equation (l6) may be rewritten in the form 

16 
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Sample calculation: V = 100 knots, S.L., outgoing, standard day. 

.   .002378(100 x 1.689)3(200)  .002378 x 106(U,8l9)(2) 
pnp "        1,100        ~        11 

= •022^1l  106 = .002084 x 106 = 2,084 hp 

k.k    Miscellaneous Power Losses 

Ivo additional sources of power loss must be considered; namely, 

a) Mechanical losses exemplified by friction and power transmission 
resulting in a system efficiency of 99-1/2 percent. 

b) Accessory power resulting out of the power requirements for 

1) Primary flight instruments 
2) Partial hydraulic system power estimated total (hp . ) «= 100 hp 

U.5 Tail Rotor Power 

The tail rotor power requirement is considered to be 2.5 percent of the 
main rotor power, constant with forward speed and altitude. 

Since the tail rotor power and system efficiency cam both be expressed 
as a percentage of main rotor power, they may be combined into an over- 
all efficiency factor of T| = .97- 

Tail rotor power and the 100 miscellaneous horsepower are to be supplied 
by twin auxiliary power units taken to have a specific fuel consumption 
equal to the main engines. 

h.6    Total Power Required 

The total power required for equilibrium flight is the summation of the 
general power expressions derived in Sections U.l through k.k. 

rhp = ^ (ihp + Rhp + php) + hpmisc (20) 

Sample calculation: Hover, S.L., 7l>680 pounds, OGE, standard day. 

1/T| = 1/.97 = 1.031 

ihp - 5,985 hp  (Section 4.1) 

Rhp « 3,477 hp  (Section 4.2) 
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php  =  0 hp 

hp .  = 100 hp (Section k.h) 

rlip   = 1.031(5,985 + J^TY) + 100  (Equation (20) 

= 9,855 hp 

Total power required calculations were performed on the Bendix G-15 
Digital Computer, and the results, in the form of curves of power re- 
quired versus forward velocity for various gross weights and altitudes, 
are presented in Figures 6 through 10a. 
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^.0 POWER AVAIIABLE 

The power plant selected for ttie Model 1108 is the Continental Model 
357-1 turbojet engine. The engine ratings utilized in developing the 
data presented in this section are as follows: 

Military rated thrust  1,5*0 lb.   At   = 6 ^^ 
Normal rated thrust   1,1TD lb.       j  ^   / 

The method of establishing engine power available at altitude and for 
off-standard conditions is by the procedures developed in the parametric 
study and those outlined in the engine manufacturer's specification, 
Reference 5; namely, 

a) Power available for hover (standard day): 

F Vm_n 
PaH    550 K21) 

where: F = rated thrust at ambient conditions and hover tip speed, 
lb. (ref. Figures 1 through h) 

Vip = hover tip speed 
n = number of engines 

b) Power available for forward flight (standard day): 

P  = P  -    . ^    ^Ref * 7^ (22) aV   aH  (52.2)(1,100)   Eq. 5*) 
K     * 

where: Pa = power available for hover at a predetermined altitude 
H 

V  = forward velocity, f.p.s. 
W  = air flow through engine, lb/sec. (manufecturer's 

specification) 
n  = number of engines 

Curves of power available versus altitude for both normal and military 
rated power, at standard atmosphere conditions, are presented in Figure 
11. Ihese engine curves are based on the following assumptions; 

a) Zero exhaust losses 
b) ICAO standard pressure at each altitude 
c) No induction air contamination 
d) Zero power losses due to yawing and/or pitching angle of the engines 

air inflow variations 
fuel variations I] 

The curves of Figure 11 were then cross-plotted and power available 
versus forward speed presented In Figure 12. 
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6 C FEnTORMftUCE CHARACTERISTICS 

6.1 Specification Required Performance 

6.1.1 Hover Ceiiing 

Prom the mission description, as presented in the statement of work. 
Reference 2, the specified hover ceiling requirement is that the heli- 
copter be capable of hovering out-of-ground effect at design gross 
weight on military rated power at 6,000 feet, 95°?. 

A temperature of 95 F- at 6,000 feet corresponds to 57.U F. over stand- 
ard temperature. For purposes of calculating a density ratio, the stand- 
ard ICAO pressure-altitude relationship is used. Therefore, for refer- 
ence, the equivalent density ratio at 6,000 feet, 950F. is p/p = .7^95. 

The hot day hover ceiling is most simply determined by calculating the 
power required for selected altitudes at the equivalent density ratio; 
I.e., the density ratio corresponding to the combination of standard 
pressure and temperature of standard plus 57 ^0F- 

p/p = — /Ko   p 
std 

ogR(Tstd + 57^ 

The curve then obtained Is a plot of power required for a condition of 
57-^ F. overstandard temperature versus altitude. Superimposed on this 
same plot is the engine power available for the same temperature condi- 
tion. The intersection of the two curves is then the limiting hover 
ceiling out-of-ground effect. These curves are presented in Figure 15• 

Sample calculation: Hover, OGE, 6,000 feet, 950F. at 71,680 pounds. 

From Sections U.l and h.2,  the power required to hover at sea level, 
OGE, on a standard day is: 

rhpH = 1.051 

+ 100 

1.15(W) 1(4 (K) 
550 

+ (200021.OU&^K^ + 5039-57^^) 

Substituting B - .96^ and rewriting this equation to reflect the affect 
of the overstandard temperature condition gives 

rhpH = 1.031 

+ 100 

1.172W fiMiy 
550 

+ (200021.0^^+ 5059.57^^) f- 
0_ 

(23) 
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K^      =1.00  (Figure l) 

w        =      7.5  (Section 2.2) 

Po      =  .002378 

P/PO =  -7^95 
K.      =1.00 (Section U.2) 

IC.      =   1.00 (Section k.2) 

6^    =    .009+.009270^ (po/p)2 = .009 +.00927(.3296)2(l/.7^95)2 

=    .009 + .00178 - .01078 

5^   =   .282 + .10^ (po/p)2 = .282 + .l(.3296)2(l/.7^95)2 

=    .282 + .01915 = .30115 

j i.i72(71,680)f^Cf^        r = 1.031 j 1  .uwfpof .^^)      + 1(200^ 

(5,039-57) (.30115)] (-7^95) 

= 9,965 + 100 = 10,065 hp 

rhpH = 1.031 j y£21J2LUJ2£>     + | (200,021)(.OIO78)  + 

[+100 = 1.031(6,911.8+2,755.6) + 100 

She hover ceiling out-of-ground effect for standard ICA0 conditions is 
determined in the same manner and is presented versus gross weight in 
Figure Ik. 

While not required, the hover ceiling in-ground effect for Standard 
ICA0 conditions is also presented for purposes of performance comparison. 
When a rotor is positioned such that the wake impinges on a surface, the 
surface influences the performance of the rotor through its restraint of 
the rotor downwash. As the rotor approaches the ground plane, the in- 
duced velocity required to produce a given thrust is reduced, with a re- 
sultant decrease in the induced power. The rotor height above the ground, 
z, for in-ground effect hovering performance is the sum of the distance 
between the main rotor teetering point and the rest gear, and the rest 
gear and the ground. The first value is fixed by the design of the heli- 
copter, the second is determined from flight test as the minimum height 
at which the helicopter can safely translate into forward flight. Ulis 
transition region is primarily dependent upon rotor inertia, lift coeffi- 
cient, and engine power characteristics. For the purpose of this analy- 
sis, a z/D = .29 (a wheel height above the ground equal to 5 feet) will 
be assumed. 

The results of the analysis of the ground effect on power may be sumnar- 
Ized in a single plot representing the ratio of the power required in 
effect to that required In free air against height-above the ground for 
the condition of constant thrust coefficient, C^/a . 
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For purposes of plotting it is convenient to relate the total rotor 
height above the ground to the diameter by the ratio, z/D, in the de- 
termination of the induced power correction factor, A, where 

A = "^IGE^OGE 

Figure 15 gives the variation of A with z/D for a rotor exhibiting those 
parameters recorded in Section 2.2 of this report; namely 

CT . ^fL .  ■?^(^?) - .0081529 

Cja2=   .0081329/.0219188 = .571 
4, 

Reference 6 establishes the A to z/D relationship in its Figures 5 
through 11 from which Figure 15 has been taken. 

The determination of in-ground effect hovering power is the same as for 
out-of-ground effect with the exception that the induced power term 
alone is modified by the Actor A = .6b(Figure 15, z/D = .29). A plot 
of hover celling in-ground effect versus gross weight is presented in 
Figure l6. 

6.1.2 Airspeed-Altitude Limits 

The rotor parameters for the tip turbojet rotor system were carefully 
selected to preclude the possibility of premature blade tip stall and 
drag divergence. Blade parameters which determine stall and drag limits 
are airfoil section, blade twist, solidity (blade chord), and tip speed. 
Ihe main rotor airfoil section used, NACA. 0015, has a nominal stall angle 
of 12 degrees. Sufficient blade chord, combined with the selected tip 
speed, must be used to keep blade angles of attack below this limit. 
Excessive chord, however, results in a power limit in forward speed due 
to an increase in rotor profile power. 

The selection of tip speed is primarily based on high-speed requirements 
wherein the rotor tip speed must be high enough to prevent stall on the 
retreating blade, yet not high enough to create drag divergence on the 
advancing blade, liiere are secondary considerations which influence the 
final selection. These are autorotation flare characteristics and re- 
quired tail rotor power. The autorotation flare characteristics, assum- 
ing a fixed diameter, become more favorable with increasing tip speed 
due to increased rotor kinetic energy. In the final analysis^ where 
there is a family of tip speed-solidity combinations which will satisfy 
the power and rotor blade limits, the higher tip speeds are generally 
favored. 
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The selection of the proper blade twist is primarily based on selecting 
a value which will reduce the retreating blade angle of attacK to a 
value equal to or less than the stall angle. TSie blade twist angle is a 
unique parameter in that it is independent of any of the power-required 
terms. Therefore, in the blade tip stall and drag divergence analysis, 
if the range of tip speed and solidity values is very limited due to 

■paver limitations, blade twist may be independently varied to attain 
the desired blade tip angles. Actually, blade twist has, according to 
Reference 6, a beneficial effect on the induced power. The effect of 
twist is to modify the inflow distribution from triangular to a more 
uniform distribution. However, the net change in the induced power is 
very small; consequently, to be conservative it has not been considered 
in this analysis. 

The equations for the tip angle of attack of the advancing and retreat- 
ing blades are derived from blade element integrations of the elemental 
thrust and "flapwise" moment equilibrium expressions which are included 
as Part C of Appendix A of Reference h. 

Retreating blade tip: 

a{l)(2T0) = AlCLr + A2X + VE (2i0 

Advancing blade tip: 

a(l){90)    =A^r+A2X+SeE W 

The constants A and A1 are functions of ji and are plotted in Figure 17, 
and 

CT    = mean blade lift coefficient 

a .. = stall angle of attack = 12° 
stall        ^ 

6    = blade twist (washout) = -10° = -.17^5 rad. 
is 
X1    = inflow ratio referred to the tip path plane 

(positive when the inflow is downward) 

The inflow ratio, X', is the ratio of the total axial inflow to the blade 
tip speed and is expressed by 

ui ^ + u_ 

Vn x- =-i—v2 E (26) 
T 

The terms IL, and u are essentially equivalent inflow velocities. The 
IL, term is the inxlow to the rotor due to tilt to overcome the rotor 
profile drag and u is the inflow to the rotor due to tilt to overcome 

the fuselage parasite drag. Combined, they are the additional increment 
of inflow necessary, when the rotor is tilted, to increase the resultant 
rotor thrust such that the vertical component of thrust is ejual to the 
weight. 
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.2 .3 
Tip speed ratio, \x 

Figure 17-    Constants in the Expression for Blade Tip Angle 
of Attack at T|f » 90° and t " 270° Versus Tip 
Speed Ratio; |i. 
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From Equation (8): ■,  ix   rrr- 

and by definition, i^ = ^— (Rhp^)^2 (28) 

up = 22L (php) (29) 

The above expressions are put in tabular form and values of X' calculated 
at selected altitudes and forward speeds. These values are then substi- 
tuted in Equations (2U) and (25) from which the tip angles of attack at 
the selected airspeeds and altitudes, are computed. Tip stall limits 
are then established by plotting the retreating blade angle of attack 
versus altitude for selected forward velocities, the limiting angle be- 
ing 12°, This data was then cross-plotted as altitude versus ^orward 
velocity, Figures 18 through 20. 

The compressibility limits on forward velocity are determined from the 
curve of Figure 13, Reierence U, included herein as Figure 21. Figure 
21 presents the variation of drag divergence Mach number with blade sec- 
tion angle of attack. The curve is representative of an NAGA. 0015 air- 
foil and is based on actual test data from several sources. Calculated 
performance limits for current Hiller rotorcraft, based on this curve, 
show good agreement with flight test data. Hie actual Mach number, M, 
is calculated for each of the selected altitudes and forward velocities 
from the expression 

v„± V 

•v = -V- (3o) 

where "a" is the speed of sound at altitude. The actual Mach number data 
is superimposed on the same figure, and the resulting intersections are 
the compressibility limits. These intersections were then cross-plotted 
as altitude versus airspeed. Figures l8 through 20. While advancing 
blade compressibility docs not form one of the altitude limits, it is 
shown for purposes of coraparison. 

A third limit is introduced which is the power limit. The resulting 
power limit curves (normal and military rating) are derived by plotting 
the maximum and minimum power limit forward velocities, as determined 
from the power required curves, versus altitude. 

The three limits, tip stall; compressibility, and power, are plotted 
together for each of the gross weight conditions (W = ^7,660 pounds, 
71,680 pounds, and 90,100 pounds), in Figures 18 through 20. Their re- 
sultant intersections then form the airspeed-altitude limits (perform- 
ance envelope of the helicopter). 
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Note: All power limits based on 6 engines operating. 
Standard ICAO conditions. 

Figure 19' 
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Note: All power limits based on 8 engines 
operating. 

Standard ICAO conditions. 
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Figure 20. Airspeed-Altitude Limits - 
90,100 Lb. Gross Weight. 
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For the design gross weight condition of 11,680  pounds. Figure 19, the 
performance envelope is outlined by the heavy line. Figure 19 shows 
that the tip turbine is power limited at sea level at 150 knots. This 
power limit extends to 11,000 feet at which point the maximum forward 
velocity decreases slightly to 126 knots due to the engine derating. 
At 11,000 feet the power limit curve intersects the retreating blade 
stall limit curve and the speed is limited by blade stall to 21,000 feet. 
Prom 21,000 feet to 22,000 feet the speed is limited by retreating blade 
conpresslbllity at which point it again intersects the power limit curve 
which goes to zero forward velocity at the out-of-ground effect hover 
ceiling of l4,i»00 feet. In all cases, as shown, the advancing blade 
compressibility limiting curve falls outside of the performance envelope. 

6.I.3 Mission 

As defined by Reference 2, the mission description is as follows: 

a) Payload (outbound) - 12 tons 
b) Radius - 50 nautical miles 
c) Cruising speed: 

1) outbound - 60 knots 
2) inbound (no payload) - 100 knots 

d) 'Dakeoff and destination elevation - sea level 
e) Cruising altitude - sea level 
f) Atmospheric condition - sea level, standard atmosphere 
g) Hovering time (out-of-ground effect): 

1) at takeoff - 3 minutes 
2) at destination - 2 minutes 

h) Reserve fuel (percent of initial fuel) - 10 percent 

In order to maximize range, the specific range (nautical miles per pound) 
is plotted versus forward velocity. Figure 22. This plot is constructed 
by reading the specific fuel consumption for selected values of percent 
of normal rated power (derived from power requirements at specific for- 
ward velocities as found in Figures 6 through Ida) from Figure 25, then 
substituting this value, the appropriate forward velocity, and required 
horsepower into the following expression, solving for the specific range 
and plotting the results. 

V 
kts 

Specific range = J^FCK^J (3l) 

From the specific range curves of Figure 22 the points of zero slope were 
determined and cross-plotted on Figures 2k  and 25 as specific range ver- 
sus gross weight and beet cruise speed versus gross weight. As specific 
range, gross weight, cruising speei; and time are all interrelated, the 
IViel required for the mission 1B an integral problem. It has been found 
sufficiently accurate to use average values for the mission phases. Us- 
ing this assumption, the mission capability may be determined in the 
following manner. 
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Schematically, the aission, as  defined above, may be expressed as fol- 
lows: 

A) Hover at take-off - 3 minutes 
l) Initial gross weight - 72,101* pounds (includes fuel, 

fuel tanks, and 12-ton paylcad) 

B) Outbound leg - 50 naut. miles at V = 60 knots 

C) Hover at destination - 2 minuter; drop 12-ton payload 

D) Inbound leg - 50 naut. miles at y = 100 knots 

Note: The mission is to be flown with all of the eight engines 
operating. Although engine shut down was considered in the 
parametric study,Reference 7, it was deemed advisable to present 
the Performance analysis with all eight engines operating. 

The average gross weight during each of the individual phases of the 
mission is determined in the following manner: 

W, 

w: 

= gross weight at the beginning of the mission phase being 
investigated. 

= estimated fuel required to complete the mission phase under 
investigation at the initial gross weight, W^. 

Then, W avg WF/2 

The mission compliance capability is presented in Table 1. The 
results indicate a total fuel weight of 12,103 pounds or with a 10 
percent reserve, a total fuel load of 13,^3^ pounds. 

The parametric analysis, Reference 7, considered tubular type crane 
fuselage construction which was considered appropriate for very short 
range missions. Crane type fuselages of streamlined monocoque con- 
struction with lower drag have been investigated and found to provide 
large reductions of A^ without the external load. For a streamlined 
model crane an A* of 35 square feet was calculated. Figures 2k and 25 
show comparative Increases of cruise speed and specific range over 
configurations with An equal to 100 and 200 square feet. 
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6.2 Climb Performance 

6.2.1 Maximum Rate of Climb 

The maximum rate of climb is calculated from the standard energy expres- 
sion: 

35,000(Tl)(ahp - rhp  ) 
R/C   = rj K1IL (52 

max W x 

The power availabl? for climb (ahp - rhp . ) is a maximum at the "bucket" 
or minimum point on the power .required versus forward velocity curve. 
The value of T] is established in Section k.h.    Maximum rate of climb 
values for both normal and military power at selected values of gross 
weight are plotted verdus altitude in Figures 26 and 27. The  sea level 
rate of c imb is also cross-plotted versus gross weight for normal and 
military power in Figure 28. 

Sample calculation: Maximum rate of climb, sea level at 71,680 pounds 

ahp   = lU,500 hp (NRP, Figure 12) 

V ,. v _  52.0 knots climb =  ^ 

T)    =  -97 (Section k.6) 

R/Cnßx . ^,ooo(.97)(y-Tl?8o) = 3A70 n/^ 

It will be noted in Figures 26 and 27 that at altitude the rate of climb 
curves bend sharply as they approach zero rate of climb. This is due to 
retreating blade compressibility limiting the speed for best rate of 
climb. Referring to Figures 18 through 20, the speed for best rate of 
climb is shown as a curve increasing with altitude. However, using tba 
design gross weight condition of 71,680 pounds as an example, from Fig- 
ure 19 it is seen that at an altitude of 21,250 feet, the best climb 
speed curve intersects the retreating blade compressibility portion of 
the airspeed envelope. Therefore, above this altitude the helicopter 
must fly this indicated speed-altitude curve, and as a consequence, it 
is no longer flying at the speed, as shown on the power required curve, 
where the excess power is a maximum. 

To calculate the compressibility portion of the climb versus altitude 
curve, it is then necessary above 21,250 feet to select a number of 
speed-altitude points from the airspeed envelope and determine the new 
excess climb power from the appropriate power required-altitude curve. 
Since these selected altitudes generally fall between the altitudes fbr 
which power required curves are presented, It Is necessary to cross-plot 
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k  .J 

power required versus altitude for the selected speed points. The power 
required at the desired altitude can then be read from the cross-plot 
and the power available obtained from engine power curve. Figure 12. 
The  difference between these two values is then the allowable climb 
power; the rate of climb is calculated as before by Equation (52). 

^•2.2 Service Ceiling 

Service ceiling by definition is the altitude at which the rate of climb 
is 100 f.p.m. The service celling was therefore determined from the 
maximum rate of climb versus altitude plots, Figures 26 and 27, at 
R/CJ^JJ = 100 f.p.m., and plotted versus gross weight In Figure 29. 
Service celling, like maximum rate of climb, is retreating blade com- 
pressibility limited at -»11 gross weights. 

6.2.5 Vertical Rate of Climb 

Vertical rate of climb is calculated by the method of Reference 5' 
This method Is based on momentum theory and relates vertical rate of 
climb, induced velocity In climb, u , and induced velocity in hover, u„. 

The total flow through the rotor during vertical climb is 

U = R/C + u 
c   'V   c (35) 

and the Induced velocity in climb is 

■R/c 

»c* 

(R/cv)^  2 

] 
From momentum theory 

„ g P?) chp 
uc  1.15W 

Oh) 

(35) 

The power available to produce this flow through the rotor in climb is 

chp = Cri)ahp - Rhp - hp H racc (56) 

Substituting Equations (5^) and (55) in Equation (55) and solving for 

2 
the vertical rate of climb, R/C , 

R/CY = 60 (uc - ^-) (37) 

Presented in Figures 50 and 51 are plots of vertical r&te of climb ver- 
eus altitude at selected gross weights for both normal and military 
power. Hie sea level data is cross-plotted in Figure 52 to yield 
curves of vertical rate of climb versus gross weight at normal and 
military rated power. 
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Sample calculation: Vertical rate of climb, sea level at 71,680 pounds, 

ahp  = 1^,500 hp (HRP, Figure 12) 

1)   = .97 at V = 0 (Section If.6) 

RhpH = 5^77 hp (Paragraph U.2) 

hp   = 100 hp (Paragraph k.k) 
B»vC 

"H = ^ll^ .00235) = **>* f'V-s. (Equation (6) 

chp = .97(1^,575) - 3^71 - 100 = 10,573 (Equation(36) 

Uc Ä lalBHJol Ä 71'8 f-p'S' (Equation (55) 

R/Cv =60    71-8 ^%7^     = 2,9U0 ft/min. (Equation (37) 
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